Nuclear pore complexes (NPCs) are important for many processes beyond nucleocytoplasmic trafficking, including protein modification, chromatin remodeling, transcription, mRNA processing and mRNA export. The multi-faceted nature of NPCs and the slow turnover of their components has made it difficult to understand the role of basket nucleoporins (Nup153, Nup50 and Tpr) in these diverse processes. To address this question, we used an Auxin-Induced Degron (AID) system to distinguish roles of basket nucleoporins: Loss of individual nucleoporins caused distinct alteration in patterns of nucleocytoplasmic trafficking and gene expression. Importantly, Tpr elimination caused rapid and pronounced changes in transcriptomic profiles within two hours of auxin addition. These changes were dissimilar to shifts observed after loss of Nup153 or Nup50, but closely related to changes after depletion of mRNA export receptor NXF1 or the GANP subunit of the TRanscription-EXport-2 (TREX-2) mRNA export complex. Moreover, GANP association to NPCs was specifically disrupted upon TPR depletion. Together, our findings demonstrate a unique and pivotal role of Tpr in regulating gene expression through GANP-and/or NXF1-dependent mRNA nuclear export.
Introduction
Eukaryotic mRNA nuclear export requires a series of evolutionarily conserved complexes that bring nascent transcripts to the nuclear envelope and facilitate passage of messenger ribonucleoprotein (mRNP) particles through the nuclear pore complex (NPC). A key player in this process is the TRanscription and EXport 2 (TREX-2) complex, which bridges the transcription and export machineries in yeast through association to the Mediator complex, and the NPC 1 . TREX-2 associates with a structure of the NPC called the nuclear basket that protrudes from the nucleoplasmic face of the NPC 2, 3 . The nuclear basket is comprised of three basket nucleoporins (BSK-NUPs) called Nup153, Tpr, and Nup50 in vertebrate cells 4 . The BSK-NUPs have been implicated in numerous processes beyond protein import and export, including chromatin remodeling, control of gene expression, and protein modification, as well as mRNA processing and export 5, 6, 7 .
In particular, TREX-2 associates to NPCs in yeast through the Nup153 homologue, Nup1 3 . TREX-2 association with vertebrate NPCs requires Nup153 and Tpr but is independent of ongoing transcription 8, 2 .
The mechanisms of BSK-NUP-TREX-2 interactions and their consequences for gene expression remain poorly understood.
Results and Discussion
It has been difficult to analyze discrete NPC functions in the absence of vertebrate BSK-NUPs; knockout of these genes is lethal for organisms, and their depletion by RNAi requires extended incubations, potentially allowing the emergence of secondary phenotypes from prolonged NPC disruption or defective post-mitotic NPC re-assembly [9] [10] [11] [12] . To eliminate individual BSK-NUPs rapidly and selectively, we tagged Nup50, Nup153, and Tpr with an Auxin Inducible Degron (AID) and a NeonGreen (NG) fluorescent protein using CRISPR/Cas9 gene editing to biallelically introduce sequences encoding these tags at their endogenous loci in DLD1 cells ( Fig. 1a, Supplementary Fig. 1a, b, d-o) . To express the TIR1 protein, which drives degradation of AID-tagged proteins, we used CRISPR/Cas9 to biallelically insert sequences encoding Infra-Red Fluorescent Protein (IFP) linked to Myc-tagged TIR1 through a cleavable P2A sequence at the C-terminus of the ubiquitously expressed RCC1 protein (Regulator of Chromosome Condensation 1) ( Supplementary   Fig. 1c ). The resulting RCC1-IFP-TIR1 fusion protein was rapidly cleaved to yield active TIR1 and a RCC1-IFP fusion protein (RCC1 IFP ) that we employed as a marker for chromatin in live imaging experiments. We will call the resulting cell lines DLD1-Nup50 NG-AID , DLD1-Nup153 NG-AID , and DLD1-AID-NG Tpr in this report.
Without auxin, DLD1-Nup50 NG-AID , DLD1-Nup153 NG-AID , and DLD1-AID-NG Tpr cells were viable and did not show any overt defects. We confirmed that all AID-tagged fusion proteins had the expected nuclear rim localization ( Supplementary Fig. 2a ), their expression did not alter the assembly of other NPC structures (Fig.   1c ), and they became undetectable within one hour of auxin addition ( Supplementary Fig. 1f , j, n). To assess how prolonged nucleoporin deficiency impacts cell survival [12] [13] [14] , we examined viability of DLD1-Nup50 NG-AID , DLD1-Nup153 NG-AID , and DLD1-AID-NG Tpr cells in the continuous presence of auxin ( Supplementary Fig. 1g , k, o). Nup50-depleted cells continued to divide, albeit somewhat more slowly than control DLD1-Nup50 NG-AID cells. However, depletion of Nup153 or Tpr caused growth arrest, indicating that these two nucleoporins are essential for cell growth and proliferation, while the presence of Nup50 is less critical.
NPCs assemble as mammalian cells exit from mitosis and remain relatively stable through interphase until cells enter the next prophase 15, 16 . Due to the multiple cell cycles required to achieve BSK-NUP depletion in earlier experiments utilizing RNAi, changes in NPC composition observed in those experiments reflect interdependence of nucleoporins both for recruitment during post-mitotic NPC assembly and for persistence within assembled NPCs. The rapidity of AID-mediated degradation allowed us to assess the stability of nucleoporins within assembled NPCs. We assayed localization of GLFG nucleoporin Nup98, Y-complex component Nup133, and cytoplasmic fibril component RanBP2, which reside in different domains of the NPC.
All of these nucleoporins maintained their localization after depletion of BSK-NUPs ( Fig. 1c , Supplementary   Fig.4a ), and loss of individual BSK-NUPs did not cause visible nuclear envelope deformation. Our findings thus argue that loss of BSK-NUPs from assembled NPCs does not grossly impair nuclear pore architecture or composition in other NPC domains.
Earlier observations indicate that Tpr is dispensable for Nup153 and Nup50 localization 17, 18 , and that Nup50 is likewise dispensable for Nup153 and Tpr localization 10, 12 . However, there are conflicting reports regarding whether Nup153 depletion displaces Tpr from NPCs 9, 10, 11, 2, 19 . To address this question, we examined BSK-NUPs by tandem mass tag (TMT) and conventional MALDI-TOF mass spectrometry, immunostaining ( Fig. 1b, d, Supplementary Fig. 4b, c) , and live imaging of cells in which other nucleoporins were tagged with mCherry at their endogenous loci ( Supplementary Fig. 3b-h ). Under these conditions, the localization of BSK-NUPs were remarkably independent; none of them were redistributed upon the loss of others, with the exception of Nup50 dispersion into the nucleoplasm upon Nup153 loss ( Fig. 1d (lower left), Supplementary Fig. 3a, h, Supplementary Fig.4d ). Importantly, Tpr remained at NPCs even after several hours of Nup153 depletion, although we observed that post-mitotic recruitment of Tpr to NPCs was defective in the absence of Nup153 ( Supplementary Fig.4e , f).
We assessed whether protein import and export were affected in cells lacking BSK-NUPs. We tested Importin-b dependent protein import 20 and Crm1-dependent export 21 using model substrates ( Supplementary   Fig. 5a , c). For comparison, we also examined similarly constructed cells with AID-tagged RanGAP1 (DLD1-RanGAP1 NG-AID cells; Supplementary Fig. 2c-f ), the principal GTPase activating protein for Ran-dependent nuclear transport 22 . After auxin addition, DLD1-RanGAP1 NG-AID cells showed drastic inhibition of both import and export, as expected. Rates of import and export did not change in DLD1-Nup50 NG-AID cells after auxin addition, while DLD1-AID-NG Tpr cells showed slower export, and DLD1-Nup153 NG-AID showed slower trafficking in both directions ( Supplementary Fig 5b, d) . Interestingly, these results collectively indicate that BSK-NUPs perform distinct and non-equivalent functions in nuclear trafficking. Even with these changes, cells depleted of BSK-NUPs maintain much higher protein import-export levels within 2 hours of depletion than cells depleted of RanGAP1.
To assess the role of BSK-NUPs in gene expression, we compared RNA-seq profiles upon their loss ( Fig. 2a, b ) and found surprisingly distinct transcriptomic profiles for each nucleoporin. There were significant changes in the abundance of RNA from 167 genes upon Tpr loss (differential expression (DE) ≥ 30%, adj.pvalue < 0.05), 142 of which were Tpr-specific. Nup153 and Nup50 loss caused DE of 28 (10 Nup153-specific gene) and 78 (45 Nup50-specific genes) genes, respectively, without extensive overlap between the DE profiles ( Fig. 2b , c). To determine how blocking nuclear-cytoplasmic trafficking alters RNA abundance, we compared the impact of BSK-NUP loss to defects in auxin-treated DLD1-RanGAP1 NG-AID cells. Among 154
RNAs that changed response to RanGAP1 loss, 111 were specific to DLD1-RanGAP1 NG-AID cells.
Remarkably, majority of BSK-NUPs-regulated RNAs did not overlap with the changes observed in RanGAP1depleted cells, indicating that BSK-NUP-dependent RNAs are not differentially expressed because of a simple deficit in bulk protein nuclear trafficking.
Direct analysis of RNA abundance after Nup50 or Tpr depletion has not been documented. While altered transcriptomic profiles of mouse embryonic stem cells 11 and Drosophila SL-2 cells 23 after Nup153 depletion using shRNAs have been reported, it is difficult to compare our data directly to those findings because of experimental differences, particularly the extended time required for shRNA-based depletion. Importantly, our data allow us to identify rapid, BSK-NUP-dependent transcriptomic changes that are unlikely to arise through altered post-mitotic NPC assembly defects or prolonged disruption of nuclear transport. We focused on Tpr-specific RNAs because Tpr loss caused the greatest impact on gene expression among BSK-NUPs.
We grouped differentially expressed genes in visually distinct clusters (k-means clustering; Fig. 2b , Supplementary Table 2 ). Within the Tpr-regulated RNAs, the preponderance were downregulated. Gene Ontology (GO) analysis ( Fig. 2e , Supplementary Table 3 ) revealed that Tpr loss differentially and specifically impacted RNAs involved in regulation of transcription; whereas RanGAP1, Nup153, and Nup50 specific-genes showed little or no enrichment in these categories ( Fig. 2e ). DLD1-AID-NG Tpr cells treated with Actinomycin D (ActD) did not show differential expression of Tpr-regulated RNAs in the presence versus absence of auxin ( Fig.4a , Supplementary Table 2 ), indicating that ongoing transcription was required for their relative change in abundance. At the same time, only 16 of the genes whose expression changed upon Tpr loss demonstrated Ser5P Pol II occupancy (p-value = 0.003) at the promoter or gene body in ChIP experiment ( Fig. 4b , Supplementary Fig. 5e , Supplementary Table 4 ), arguing that transcription rates for most of these genes are not greatly altered after Tpr loss. Importantly, long-term loss of Tpr led to measurable retention of bulk poly(A) mRNA in nuclear speckles that was not observed after Nup153 or Nup50 loss ( Fig. 3a , Supplementary Fig. 5f -h), and mass spectrometry proteomic analysis of nuclear-pore associated proteins showed a reduction of GANP (germinal centerassociated nuclear protein, a TREX-2 scaffolding subunit) 24 in Tpr-depleted cells, but not Nup153-or Nup50depleted cells ( Supplementary Fig. 4h , Supplementary Table 1 ). Notably, GANP-depletion causes polyA RNA accumulation in nuclear speckles 25, 2, 26 , reminiscent of our observations in Tpr-depleted cells. Depletion of the mRNA export factor NXF-1 likewise causes polyA RNA accumulation in nuclear speckles 2 , and Tpr depletion disrupts both TREX-2 2,27 and NXF-1-dependent RNA export 25 . To further examine the relationship between these RNA export factors and Tpr, we engineered AID-tagged cell lines for GANP (DLD1 AID-NG GANP, Supplementary Fig. 2l -o), and NXF1 (DLD1 AID-FLAG NXF1, Supplementary Fig. 2g -j). AID-FLAG NXF1 and AID-NG GANP were degraded within one to three hours of auxin addition, resulting in a rapid arrest of cell growth and loss of cell viability ( Supplementary Fig.2 h, m).
We compared the impact of TREX-2 or NXF1 depletion to the loss of BSK-NUPs, analyzing both protein localization and changes in the transcriptome. Immunofluorescent microscopy showed that GANP is dispersed after Tpr loss, but not after Nup50 or Nup153 depletion ( Fig. 3c ), confirming the changes indicated by mass spectrometry (Fig. 3b ). GANP and NXF1 were each retained at the NPC in the absence of the other, and Tpr localization was not dependent on either protein ( Fig. 3e-f ). Transcriptomic analysis showed that Tpr-dependent RNAs overlapped almost entirely with GANP-dependent transcripts, which in turn overlapped extensively with NXF1-dependent RNAs (Fig. 2d , p-value = 2.3e-117) with similar patterns of up-and downregulation ( Fig. 2b, f) . GANP, NXF1, and Tpr specific RNAs share similar GO terms ( Fig. 2e , Supplementary   Table 3 ). In combination with the largely dissimilar transcriptomic patterns observed after Nup153 or Nup50 depletion, these data suggest that Tpr has a unique function within the NPC basket to facilitate export of TREX-2-and NXF1-dependent RNAs.
We examined changes of individual Tpr-regulated RNAs in more detail. fjx1 and c-fos transcripts were chosen as examples of down-and up-regulated mRNAs ( Fig. 4c-e ). We confirmed that fjx1 mRNA decreased after Tpr depletion by qPCR ( Fig. 4e ) and analyzed Ser5P Pol II distribution by ChIP-Seq ( Fig. 4c ); fjx1 showed lowered mRNA levels but little change in Ser5P Pol II ChIP-Seq patterns, suggesting that the changes in fjx1 abundance occurred post-transcriptionally. To assess its retention in the nucleus, we performed in situ analysis using a hybridization-based signal amplification protocol that allows single molecule visualization with low background signal 28 : fjx1 transcripts were less abundant after Tpr depletion, and retained within the nucleus with the ratio of cytoplasmic to nuclear signal (0.29±0.04, Fig. 5b ) that was significantly different (p-value = 0.0003) from the level observed in untreated cells (1.3±0.08). Taken together, this pattern suggested that fjx1 mRNA may be transcribed at a similar rate in the absence of Tpr, but that it is not productively exported, potentially leading to more rapid turnover. We similarly confirmed by qPCR that c-fos mRNA was up-regulated in response to Tpr depletion ( Fig. 4e ). In this case, Ser5P Pol II distribution by ChIP-Seq (Fig.4c ), and in situ hybridization indicated an increase in ongoing transcription of c-fos (Fig.5a ).
Interestingly, like fjx1, c-fos transcripts showed a strong decrease in the ratio of cytoplasmic to nuclear signal (0.39±0.09, Fig. 5b ) in comparison (p-value = 0.0022) to untreated cells (1.4+0.17), again suggesting that they were not effectively exported. Notably, the distribution patterns of both mRNAs closely mimicked their patterns in the absence of GANP or NXF1 ( Fig. 5a ). We thus observed a consistent pattern in which both down-and up-regulated mRNAs fail to be translocated to the cytoplasm in the absence of Tpr, GANP or NXF1.
In summary, rapid depletion of AID-tagged BSK-NUPs allowed us to demonstrate discrete functions of BSK-NUPs in NPC organization, nuclear trafficking, and gene expression with a temporal resolution that was previously not attainable. This system will be extremely useful in future analysis of many other transport and signaling pathways that are associated to the NPC, not only in discovering which nucleoporins act in these contexts, but also in discovering how the NPC may act as a hub for integration of these pathways to each other. Notably, we found that BSK-NUPs are targeted to the nuclear pore independently of each other, except Nup50 localization which depends on Nup153. Loss of Nup50, Nup153, or Tpr led to unique transport and transcriptomic changes that were very different from protein import-export defects mediated by RanGAP1 loss. Remarkably, Tpr nucleoporin-specific changes in RNA abundance closely mimic NXF1 or GANP loss, indicating an integral role of Tpr in TREX-2-and NXF1-dependent RNA export ( Fig.5c ). Consistent with this idea, Tpr was the only anchoring nucleoporin within the basket required for recruitment of GANP subunit of TREX-2 complex to the NPC, further demonstrating an exclusive function of Tpr in coupling transcription and export that is not shared with Nup153 or Nup50. We speculate that the requirement for Nup153 in recruitment of Tpr during post-mitotic NPC re-assembly may at least partially explain previous observations arguing for an essential role of Nup153 in TREX-2-dependent RNA export 2 . Given the singular importance of Tpr in this context, it will be important to investigate in future experiments whether it simply acts as a landing platform for TREX-2 at the NPC or actively participates in remodeling or translocation of mRNPs in transit.
Methods
Cell culture and gene targeting. The human colorectal cancer cell line DLD-1 was cultured in DMEM (Life Technologies) supplemented with heat-inactivated 10% FBS (Atlanta Biologicals), antibiotics (100 IU/ml penicillin and 100 µg/ml streptomycin), and 2 mM GlutaMAX (Life Technologies) in 5% CO2 atmosphere at 37°C. For transfection 5*10 4 cells/well were plated in 24-well plates a day before transfection. Plasmids for transfection were prepared using the NucleoSpin buffer set (Clontech) and VitaScientific columns. Plasmids were not linearized before transfection. Cells for gene targeting were transfected with 500 ng of donor and gRNA plasmids in ratio 1:1 using ViaFect (Promega) transfection reagent according to the manufacturer's instruction. Seventy-two hours after transfection, cells were seeded on 10-cm dishes with the selective antibiotics (hygromycin 200 µg/ml, blasticidin 10 µg/ml or puromycin 3 µg/ml) until clones were formed on a plate. Analysis of localization and expression of targeted proteins in clones were performed after 14-to 20day period post transfection on a 24-well lumox (Sarstedt) plates. Clones with proper protein localization were propagated for genomic PCR and Western blot analysis in regular complete media without selective antibiotics.
Regulator of chromosome condensation 1 (RCC1, NC_000001.11) locus was chosen to knock-in TIR1.
After CRISPR/Cas9-mediated recombination, RCC1 was targeted with an infra-red fluorescent protein (IFP2.0 Addgene #54785), TIR1 was targeted with 9 Myc-tag sequences, and both proteins were separated from each other and from a protein encoded by blasticidin resistance gene (cloned from pQCXIB #631516, Clontech) by self-cleavage peptide P2A. Only bright, healthy growing clones were propagated for downstream analysis. Because TIR1 integration potentially can reduce protein level of AID-targeted protein we first integrated AID degron and a NeonGreen fluorescent protein up-or downstream of basket nucleoporins' genes, and then TIR1 in the rcc1 locus.
Plasmid construction. The CRISPR/Cas9 system was used for endogenous genes targeting. All gRNA plasmids were generated with primers listed in Supplementary Table 5 (IDT) and and pBABE TIR1-9Myc (Addgene #47328) 30 plasmids. The DNA sequence of NeonGreen fluorescent protein, FLAG tag, HA tag, a minimal functional AID tag (1xmicroAID) 71-114 amino-acid 31 , three copies of reduced AID tag (3xminiAID) 65-132 amino-acid 32 were codon optimized and synthesized in IDT company.
Tpr, Nup153, Nup50, NXF1 were tagged with flAID, RanGAP1 with 3xminiAID and GANP with 1xmicroAID tags ( Supplementary Fig. 1, 3 ). cDNAs of mCherry and puromycin resistance were amplified from pmCherry-N1 (632523, Clontech) and pICE vector (Addgene #46960) 33 , respectively. All PCR reactions were performed using Hi-Fi Taq (Invitrogen) or Herculase II Fusion (Agilent) DNA polymerases with primers listed in Supplementary Table 5 .
Genotyping. DNA from DLD-1 and nucleoporins-targeted cells was extracted with Wizard® Genomic DNA
Purification Kit (Promega). Clones were genotyped by PCR for homozygous insertion of tags with two sets of primers listed in Supplementary Table 5 .
Crystal violet staining. Survival of AID-targeted nucleoporins after auxin treatment was estimated with crystal violet staining. The procedure was based on Feoktistova 34 NeonGreen and mCherry fluorescent protein signals were excited with a 488-nm (no more than 20% of power was applied) and 568-nm (no more than 50% of power was applied) laser lines, respectively. A series of 0.5 µm optical sections were acquired every 10 min. Images were captured and analyzed using report ion intensities of ten channels were normalized at the total peptide amount level. Then relative quantitation of individual proteins was calculated using the normalized report ion intensities of unique peptides with <1% FDR and >30% isolation purity.
We determined the protein-level fold changes based on the median of peptide-level fold changes from the Proteome Discoverer-produced abundances in handling both TMT and Label-free results. Peptides that could be mapped to multiple proteins by Mascot were removed. We also discarded all keratin-related peptides based on the UniProt annotation. We separated peptides that mapped onto UniProt ID P52948 into NUP96 and NUP98, according to their mapping locations. Peptides that are mapped to amino acids from 1 to 880 were counted for NUP96; the others were used for NUP98. To minimize the batch effect, we used the quartile normalization before calculation of fold changes in the Label-free quantification. Such fold changes were visualized after k-means clustering. In determining the optimal k parameter for clustering, we used "mclust" package to calculate Bayesian Information Criterion of the expectation-maximization model 37 The plates with mCherry-LOV2-BiLINuS2-transfected cells were covered by the aluminum foil for several hours before the assay. We noticed that any exposure to light before the initial background measurement negatively affected the data calculations. An image for background measurement, using 568 nm laser-line, at 20% power, was taken each time before blue light exposure. Adhesive 420 nm LED strips 
Quantitative PCR with reverse transcription (qRT-PCR). Trizol-extracted RNA from cells was treated with
Turbo DNA-free DNAse (ThermoFisher) and purified on RNAeasy MiniKit (Qiagen) columns according to the manufacturer's protocol. One thousand three hundred micrograms of DNA-free RNA were used for cDNA synthesis with random hexamers (NEB) using SuperScript II (ThermoFisher) kit as suggested by the protocol. RNA-Seq Analysis. We aligned the short-reads to the reference human genome GRCh38.p7/hg38 that we obtained from Ensembl (PMID:27899575). We used STAR aligner version 2.5.2b (PMID:23104886) for the mapping with default parameters. We quantified gene expression levels using feature Counts 1.4.6 (PMID:24227677). To obtain gene-level read counts, we supplied a gene annotation model from Ensemble
Release 87, which corresponds to GENCODE version 25. We calculated gene-level FPKM values based on the longest-possible exon lengths after collapsing overlapping exons. For differential expression analysis, we used DESeq2 DESeq2 1.18.1 (PMID:25516281) as in the reference with one minor change; we applied expression cutoffs FPKM > 1 and Counts Per Million (CPM) > 1 before the analysis. We studied and visualized genes whose expressions are above the cutoff from more than 5% of our samples excluding for the Actinomycin D-treated samples. We used k-means clustering function in R environment 3. GRCh38.p7/hg38. Read quantitation over genes was tabulated using HOMER (PMID: 20513432). Differential IP recovery of genes was tested using DESeq2 (PMID: 25516281) and MACS2 broad peak calling tools. Plots were generated with IGV_2.4.6 software.
RNA Fluorescent in Situ Hybridization (FISH). poly(A)
RNA FISH was performed as described earlier 42 
